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Control of cell differentiation occurs through transcriptional mechanisms and through epigenetic modifi-
cation. Using a chromatin immunoprecipitation-on-chip approach, we performed a genome-wide search for
target genes of peroxisome proliferator-activated receptor y (PPARvy) and its partner protein retinoid X
receptor o during adipogenesis. We show that these two receptors target several genes that encode histone
lysine methyltransferase SET domain proteins. The histone H4 Lys 20 (H4K20) monomethyltransferase
PR-Set7/Setd8 gene is upregulated by PPARy during adipogenesis, and the knockdown of PR-Set7/Setd8
suppressed adipogenesis. Intriguingly, monomethylated H4K20 (H4K20mel) levels are robustly increased
toward the end of differentiation. PR-Set7/Setd8 positively regulates the expression of PPARYy and its targets
through H4K20 monomethylation. Furthermore, the activation of PPARYy transcriptional activity leads to the
induction of H4K20mel modification of PPAR<y and its targets and thereby promotes adipogenesis. We also
show that PPARvy targets PPARy2 and promotes its gene expression through H4K20 monomethylation. Our
results connect transcriptional regulation and epigenetic chromatin modulation through H4K20 monomethy-

lation during adipogenesis through a feedback loop.

Adipocytes play a central role in energy balance, both as res-
ervoirs of fuel and as endocrine cells, secreting factors that reg-
ulate whole-body energy metabolism. Because of the rising inci-
dence of obesity, understanding the adipocyte is increasingly
important. The process of adipocyte differentiation represents the
extraordinarily coordinated regulation of multiple transcriptional
systems that direct multipotent stem-cell precursors to differen-
tiate into fully mature, functionally distinct cell types.

The 3T3-L1 preadipocyte cell line has been one of the most
well-characterized and widely used models for studying adipo-
cyte differentiation (7). C/EBPB and C/EBPS are induced very
early during differentiation, and these in turn activate two
critical proadipogenic transcription factors, peroxisome prolif-
erator-activated receptor y (PPARwy) and C/EBPa. PPARYy
and C/EBPa mutually stimulate each other and mediate the
transition to the adipocyte phenotype (6, 15, 32). Recently, a
number of transcription factors have been identified as regu-
lators of adipogenesis, including GATA2 (30, 31), the Kriip-
pel-like factor (KLF) family (2, 20, 24), and Nr2f2 (35).

PPARY, a prototypical member of the nuclear receptor su-
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perfamily, is activated by natural ligands, such as arachidonic
acid metabolites and fatty acid-derived components, and by the
insulin-sensitizing thiazolidinedione drugs. In white and brown
preadipocyte cell lines, the activation of PPAR+y by thiazol-
idinediones results in robust differentiation into adipocytes. The
action of PPARy is mediated by two protein isoforms: the widely
expressed PPAR«y1 and PPAR~y2, which is restricted to adipose
tissue. The expression of each isoform is driven by a specific
promoter that confers the distinct tissue-specific expression and
regulation. These isoforms are transcribed from a single gene and
differ only by an additional 28 amino acids (30 in mice) in the N
terminus of PPARY1 (5, 13, 36). Despite these structural differ-
ences, no clear functional differences between these two isoforms
in adipogenesis have been identified (21).

Epigenetic determinants control the accessibility of pro-
moter chromatin and establish lineage-specific heritable states
of gene expression through the modulation of DNA methyl-
ation and posttranslational modification of core histones (9,
17). Therefore, the expression and activities of histone-modi-
fying enzymes should be distinctly regulated during adipocyte
differentiation. The methylation of lysine residues in histones is
an important epigenetic event that correlates with functionally
distinct regions of chromatin. Setdb1 and Setd8 are the histone
lysine methyltransferases (HKMTs) that trimethylate histone
H3K9 and monomethylate histone H4K20, respectively. Tri-
methylated H3K9 is considered a hallmark of a condensed
chromatin state and transcriptionally silences euchromatin
(17). Monomethylated H4K20 (H4K20mel) has been impli-
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cated in transcriptional activation and gene silencing. Recent
studies showed a strong correlation between H4K20mel and
gene activation in the regions downstream of the transcription
start site, consistent with it being an activation marker (1). It is
tempting to speculate that epigenetic mechanisms also poten-
tiate distinct functional states of PPAR'y target genes and that
PPARY regulates the expression of genes encoding histone
modification enzymes. An epigenetic mechanism could, for
example, act downstream of PPARy and constitute a posts-
election mechanism for potential PPAR~y-responsive genes by
allowing or preventing histone modification.

To gain more insight into PPARy-dependent transcriptional
programs in adipogenesis, we undertook the genome-wide
identification of direct target genes of PPARYy and its retinoid
X receptor a (RXRa) partner. We used a combination of
chromatin immunoprecipitation-on-chip (ChIP-chip) analysis
and gene expression profiling with oligonucleotide microarrays
during adipogenesis in 3T3-L1 cells. Our results identify
Ppary2 as a direct target of PPARy which activates the tran-
scription of PPAR~v2. PPARY also binds to the promoters of a
number of genes that encode SET domain protein lysine meth-
yltransferases and regulates their transcription. This suggests a
profound role for PPARY in the epigenetic control of adipo-
genesis.

MATERIALS AND METHODS

Antibodies. Mouse monoclonal immunoglobulin G (IgG)-A3409 against hu-
man PPARY and IgG-K8508 against human RXRa were raised in our laboratory
by immunizing separate mice with peptides representing residues 3 to 108 of
human PPAR~y1 and 2 to 133 of human RXRa, respectively. The specificities of
these were confirmed: IgG-A3409 does not cross-react with PPARa or PPARS,
and IgG-K8508 does not cross-react with RXRB or RXRy (see Fig. S1 in the
supplemental material). A list of the other antibodies used in this article is shown
in the supplemental material experimental procedures.

Cell culture and staining. 3T3-L1 preadipocytes and NIH 3T3 cells were
purchased from ATCC and maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (basal medium). 3T3-L1 cell differ-
entiation into adipocytes was induced by the treatment of confluent cells first for
2 days with insulin (1 pg/ml), 0.25 pM dexamethasone (DEX), and 0.5 mM
isobutylmethylxanthine (MDI cocktail) in basal medium. For 3T3-L1 cells were
cultured for 2 days with insulin (1 pwg/ml) alone in the same medium. The cells
were then returned to the basal medium, which was replenished every other day.
Adipogenesis in transfected NIH 3T3 cells was induced by treatment for 2 days
with MDI or 5 pM troglitazone in basal medium. The cells were then returned
to the basal medium, which was replenished every other day. The cells were
stained with Oil Red O (ORO) as described in the supplemental material
experimental procedures.

ChIP. For ChIP using anti-PPARy, RXRa, C/EBPa, or C/EBPB antibody,
3T3-L1 cells at the indicated times of differentiation were cross-linked with 1%
formaldehyde for 10 min at room temperature and were prepared for ChIP as
described previously (11). For ChIP using anti-AcH3, AcH4, H3K4me3, or
H4K20mel antibody, the nuclei of 3T3-L1 cells were prepared by centrifugation
through a sucrose gradient and were digested with MNase (TaKaRa). After
centrifugation, the supernatant was used for ChIP.

ChIP-chip, ChIP-seq, and ChIP-qPCR analysis. For ChIP-chip, ChIP samples
were amplified by in vitro transcription, labeled with biotin and hybridized to
oligonucleotide tiling arrays (Affymetrix) as described previously (8, 12). ChIP-
sequencing analysis (ChIP-seq) sample preparation for sequencing was per-
formed according to the manufacturer’s instructions (Ilumina). ChIP samples
were also analyzed by gene-specific quantitative real-time PCR (qPCR) analyses.
The results were normalized to cyclophilin levels in control DNA, and the ChIP
was performed with specific antibody (n-fold enrichment) as described previously
(11, 25) or presented as input percent. The method for qPCR has been described
previously (11). All primer sequences used in this article are available in Table
S4 in the supplemental material. The details are described in the supplemental
material experimental procedures.
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Computational data analysis. The details of the methods for MAT analysis,
MEME analysis, gene set enrichment analysis (GSEA), and signal ratio of
ChIP-seq are described in the supplemental material experimental procedures.

Transcriptome microarray analysis of 3T3-L1 cells. For genome-wide tran-
scription analysis, a GeneChip Mouse Genome 430 2.0 array (Affimetrix) was
used as described previously (23).

Method of network-based clustering of expressed genes with gene ontology.
The details of the method of the clustering analysis are described in the supple-
mental material experimental procedures.

RNA interference. To deplete cellular PPARY, Setdbl, or Setd8, duplexes of
Stealth Select small interfering RNAs (siRNAs) targeting each protein were
purchased from Invitrogen. HiPerfect reagent (Qiagen) was used for the trans-
fection according to the manufacturer’s instructions with modifications. Details
and siRNA information are available in the supplemental material experimental
procedures.

Cell fractionation and immunoblot analysis. Whole-cell extracts were sepa-
rated into the soluble supernatant and the chromatin-containing fraction as
described previously (34). The isolation and immunoblot analysis of the nuclear
extracts were performed as described previously (26).

RESULTS

Identification of PPAR<y binding sites by ChIP-chip analy-
sis. To reveal PPAR<y-dependent transcriptional programs
during adipocyte differentiation, we performed global gene
expression and ChIP-chip analysis. 3T3-L1 preadipocytes were
induced to differentiate through conventional cocktails con-
taining MDI. Figure 1A shows an immunoblot analysis of the
nuclear extracts from cells at the indicated time of differenti-
ation (left panel). PPARy is expressed beginning at 36 h and is
robustly induced by day 8 of differentiation. A global gene
expression analysis was performed at the indicated times, and
the data were combined with the ChIP-chip data (see below).
ORO staining shows that a substantial amount of lipid accu-
mulates in 3T3-L1 cells (right panel).

A ChIP-chip analysis of the 3T3-L1 cells was conducted at
36 h and at day 8 of differentiation using a promoter array
platform, which contains 28,000 mouse proximal promoter se-
quences, typically located between —6.0 to +2.5 kb relative to
the transcription initiation site. Triplicate ChIPs were per-
formed using a newly generated monoclonal antibody against
PPARYy. Our analysis identified highly significant PPAR'y bind-
ing (a P value of <10~ * at a false discovery rate of <(0.1) at 234
sites at 36 h of differentiation (Fig. 1B, top left panel; see also
Table S1 in the supplemental material) and 2,730 sites on day
8. The number of sites to which PPARy bound increased
dramatically in correlation with a robust increase in PPARYy
expression. Of the promoters occupied by PPARy at 36 h of
differentiation, 88% (205/234) were also occupied on day 8 of
differentiation.

Identification of RXRa binding sites by ChIP-chip analysis.
PPARY is known to bind to direct repeat 1 (DR1) as a het-
erodimer with RXRa to exert its transcriptional activity (10).
We next undertook the identification of the RXRa direct tar-
get genes by ChIP-chip using a newly generated monoclonal
antibody against RXRa that does not cross-react with other
RXR family members (i.e., RXRB and RXRy) (see Fig. S1 in
the supplemental material). This analysis identified 1,455 oc-
cupied sites at 36 h of differentiation, 1,613 sites at day 8 of
differentiation (P < 10~ %; false discovery rate, <0.1), and 545
sites that were common to both (Fig. 1B, top right panel).
These data indicate that RXRa targets distinct but overlapping
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repertoires of promoters between the early (36 h) and late (day
8) differentiation of 3T3-L1 cells.

PPARYy and RXRa target the same repertoire of promoters.
Independent ChIP-chip analyses with antibodies to PPARYy
and RXRa revealed significant overlap between PPAR<y and
RXRa target promoters in 3T3-L1 cells. The results indicate
that endogenous PPARy and RXRa in fact bind to the same
repertoire of binding sites in 3T3-L1 cells in early differentia-
tion (Fig. 1B, bottom panels).

An analysis of the regions identified as common PPAR~y and
RXRa targets by ChIP-chip demonstrated a distinctive DNA
binding sequence, 5’-(A/G)GG(T/G)CA (A/G) AGG(T/
G)CA-3’, that corresponds to DR1 (5'-AGGTCA A AGGTC
A-3") (10) (Fig. 1C, left panel). Furthermore, the 1,499 sites
occupied by PPAR+y but not by RXRa, showed significant
enrichment of this DR1 motif compared to that of randomly
selected genomic sequences (P < 107°7 by ¢ test) (Fig. 1C,
right panel). Similar results were obtained when a comparison
was made at the less-stringent threshold of the RXRa P value
of <107? (Fig. 1C, right panel). These data strongly support
the hypothesis that PPARy forms heterodimers with other
members of the RXR family in differentiation. The overall
picture from these studies is largely consistent with other re-
cent reports (14, 22).

Identification of PPARy and RXRa target genes. A func-
tional annotation of genes with PPAR+y binding revealed that
PPARY binds to a wide assortment of genes involved in cellu-
lar metabolism (see Table S1 and S2 in the supplemental
material). The functions of a large number of target genes are
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consistent with the role of PPARY in the regulation of adipo-
genesis and lipid storage. These products of target genes in-
clude proteins involved in lipid and glucose metabolism, adi-
pocytokines, cellular process proteins, apoptotic machinery
proteins, intracellular signaling cascade proteins, transcription
factors, and enzymes of histone modification. These include a
well-characterized pro- or antiadipogenic factor, Nr2f2
(COUP-TFII) (35), KIf15 (20), and, importantly, PPARY2.
PPARY was also found to bind to genes that encode SET
domain proteins, which are histone-modification enzymes.
PPARY directly regulates PPARy2 gene expression. To de-
termine whether promoter occupancy by PPARy and RXRa
correlates with transcriptional changes of the targeted genes,
we combined ChIP-chip results with gene expression profiling
data on differentiating 3T3-L1 cell lines. GSEA (19, 27) was
used to test whether the enrichment of a PPARy/RXRa het-
erodimer binding genes occurred in either the upregulated or
downregulated genes. This analysis revealed that of the genes
induced at day 8 of differentiation, those bound by both
PPARy and RXRa showed a significant enrichment (P <
107°, both at 36 h and day 8) (Fig. 1D). Figure S2 in the
supplemental material presents target genes in the network-
based clustering of coexpressed genes across the entire time
course of differentiation. Figure 1E shows examples of three
individual clusters. ChIP-chip and ChIP-qPCR analyses dem-
onstrated that the Ppary2 gene showed significant promoter
binding by the PPARYy/RXRa heterodimer at both 36 h and
day 8 of differentiation (Fig. 1F). These data suggest that
PPARYy drives PPARYy2-mediated transcription. To test this

FIG. 1. Genome-wide promoter occupancy of PPARy and RXRa in 3T3-L1 adipocytes. (A) Experimental design for transcriptome and
ChIP-chip analyses. Postconfluent 3T3-L1 cells were induced to differentiate as described in Materials and Methods. Cells were harvested at the
indicated times, and nuclear extracts were prepared. PPAR«y protein expression throughout the adipocyte differentiation of 3T3-L1 cells (left
panel) and ORO staining (right panel) are shown. Nuclear extracts were subjected to immunoblot analysis using anti-PPARy antibody (IgG-
A3409) and RXRa (IgG-K8508) (left panel). ORO staining was performed at several time points (right panel). The expression of ~39,000
transcripts at the time points indicated by arrows was measured using an Affymetrix Mouse Genome 430 2.0 array and applied to ChIP-chip data
(see Fig. S2 in the supplemental material). (B) Venn diagrams illustrating the overlap of either PPARy or RXRa binding sites at 36 h and at day
8 (top left and top right panels, respectively), the overlap in PPARy and RXRa binding sites at either 36 h or day 8 (bottom left and bottom middle
panels, respectively), and the overlap of both PPARy and RXRa at 36 h and at day 8 (bottom right panel) obtained by ChIP-chip analyses using
anti-PPARYy antibodies (both IgG-A3409 and sc-7273 together) or anti-RXRa antibody (IgG-K8508). (C) Identification of enriched motifs in the
PPARy and RXRa binding sequences in 3T3-L1 cells (left panel). The height of each letter represents the relative frequency of nucleotides at
different positions in the consensus. The motif score distribution for 2,730 PPARy binding sites at day 8 is shown (right panel). The “PPAR~y and
RXRa” line (red) corresponds to the 1,231 sites that both PPARy and RXRa bound, and the “Only PPARYy (not RXRa p-value < 107%)” line
(light blue) corresponds to the rest of the 1,499 sites. The “Only PPARY (not RXRa p-value < 10?)” line (green) corresponds to the less-stringent
threshold for RXRa. The “Random” line (gray) shows the average of 1,000 randomly selected genomic regions. (D) Graphic representation of
GSEA enrichment scores (ES) and distribution of the PPARy and RXRa co-occupied genes along the transcripts from the complete time course
of 3T3-L1 adipocyte differentiation. Gene expression data from the complete time course of 3T3-L1 adipocyte differentiation are illustrated by heat
map. Data measurements are presented relative to time zero. The probes were sorted by the ratio at day 8 (ranked gene list). Increased or
decreased mRNA expression is represented by red or green (left panel). Increasing green intensity denotes genes that decrease in expression with
respect to time zero, and increasing red intensity denotes genes that increase in expression with respect to time zero. The horizontal thin bar
indicates the probe of each gene bound by both PPARy and RXRa at either 36 h or day 8 of differentiation (middle panel). For each gene set,
the ES calculated by GSEA were drawn (right panel). The running sum from the top of the ranked gene list was plotted. If the PPARy/RXRa
binding genes were found frequently from the top, the sum increases and vice versa. High ES (maximum of the running sums) means that these
genes are enriched in the top of the distribution. (E) Time course of gene expression in the early (cluster 20 and 17) and late (cluster 3) response
clusters. PPAR«y-bound genes are shown in light blue, and non-PPAR~y binding genes in gray. Ppary, Fabp4, Klf15, Cd36 (detected as a
PPAR~y-bound gene), and Cebpo (not detected as a PPARy-binding gene) are also shown in the indicated colors. (F) PPARy and RXRa binding
to the Ppary2 promoter as demonstrated by ChIP-chip analysis (top right panel) and ChIP-qPCR with Ppary2 promoter-specific primers that
amplifies the PCR region Ppary2 #1 (bottom panel). ChIP-chip data representing the enrichment ratio of ChIP versus input DNA hybridization
intensity are shown as P values (—log,,). Arrow below the top right panel denotes the region of the sets of primers used for the ChIP-qPCR in
the bottom panel. (G) Inhibition of PPARy activity blocks the induction of PPARy2. Two days postconfluence, 3T3-L1 cells were induced to
differentiate in the presence or absence of 20 pM T0070907 (PPAR~y antagonist) (Cayman Chemical) and harvested at the indicated times. The
mRNA levels of Pparyl and Ppary2 were analyzed by qRT-PCR using specific primers. The mRNA levels were normalized to those of Ppib. Results
are expressed as means * standard deviations.
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hypothesis, we treated 3T3-L1 preadipocytes with T0070907 (a
selective antagonist of PPARYy) following the induction of dif-
ferentiation by MDI and examined the mRNA levels of each
PPARY isoform by quantitative reverse transcriptase PCR
(qRT-PCR) analyses with primer sets that discriminate be-
tween PPARy1 and PPAR«y2. Consistently with previous re-
sults by Zuo et al. (37), PPARy1 mRNA levels increased by
three- to fivefold and were not significantly altered by treat-
ment with T0070907 during differentiation (Fig. 1G, left
panel). PPARy2 mRNA levels were increased dramatically at
day 4 of differentiation, and this increase was almost com-
pletely blunted by T0070907 treatment (Fig. 1G, right panel).
The data above demonstrated that PPARYy drives PPARY2-
mediated transcription, thereby promoting adipogenesis in
3T3-L1 cells.

PPARYy controls the transcription of several SET domain
protein genes. The modification of histones, especially by ly-
sine methylation, plays a pivotal role in a wide range of cellular
processes, including heterochromatin formation and transcrip-
tional regulation. The methylation of histones at lysine resi-
dues is catalyzed by the conserved SET domain family pro-
teins. Our ChIP-chip data showed that PPARYy targets several
genes that encode SET domain proteins. This suggests that
PPARY may also contribute to histone modification through
the transcriptional regulation of SET domain proteins.

To test this hypothesis, we searched databases for genes that
encode SET domain proteins and found that the mouse ge-
nome encodes at least 45 SET domain proteins. We then
examined ChIP-chip and gene expression data for these genes
throughout adipocyte differentiation. Of these 45 genes, 28
genes were expressed in 3T3-L1 cells at some time during
differentiation (here, an “expressed” gene is defined as a tran-
script with a detection call of “present” across all time points as
well as one with an average difference call above 100 for at
least one time point across the experimental time points).
ChIP-chip identified highly significant PPARy binding to 10 of
the 45 genes (P = 2.3 X 10~®), and 8 of these were expressed
(the Ehmt1, Ehmt2 [also known as G9a histone methyltrans-
ferase], Ezh2, SetdS, PR-Set7/Setd8 [Setd§], Setdbl, Suv39hl,
and Wbp7 genes) (Fig. 2A and B; see also Table S1 and the
experimental procedures in the supplemental material).

Furthermore, the siRNA-mediated knockdown of PPAR<y
and/or the pharmacological inactivation of PPARy by treat-
ment with an antagonist blunted the altered expression of six of
these genes (the Setdbl, Setd5, SetdS8, Ezh2, Suv39hl, and
Wbp7 genes). Three of these (the Setdbl, SetdS, and Setd8
genes) showed a complete loss of regulation (Fig. 2C). Figure
2D shows that Ppary gene expression and the subsequent lipid
accumulation were indeed abolished by the transfection of
siRNA specific to PPARy. These data strongly suggest that
PPARY binding to genes that encode SET domain proteins
leads to the transcriptional regulation of gene expression and
further suggests the involvement of PPARYy in epigenetic
changes during adipocyte differentiation.

Setdb1 and Setd8 are critical regulators of 3T3-L1 adipocyte
differentiation. If this is true, the alteration of their expressions
should modulate adipogenesis. To test this hypothesis, we used
an siRNA approach to knock down the expression of Setdbl
and Setd8. Because the biochemical function of Setd5 has not
been reported, we focused on Setdb1 and Setd8. Two indepen-
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dent, efficacious siRNA oligonucleotide sequences from each
of the Setdbl and Setd8 genes were transfected into 3T3-L1
cells. These cells were cultured to confluence and exposed to
DEX alone or to the adipogenic MDI cocktail.

Because the MDI cocktail is very efficient in converting
3T3-L1 preadipocytes into mature adipocytes, we reasoned
that it would be difficult to assess an increase in adipogenesis
using MDI. Therefore, we only used DEX treatment to induce
differentiation, which is much more inefficient at inducing dif-
ferentiation than the complete cocktail. ORO staining re-
vealed that cells transfected with Setdbl siRNA accumulated
significantly more lipid than the negative control siRNA-trans-
fected cells (Fig. 3A). Among the upregulated adipogenic
genes identified by the global gene expression profiling of
Setdbl knockdown cells were PPARy and C/EBPa together
with many PPARy target genes including the Fabp4, Cd36, and
AdipoQ genes. By contrast, the expression of other transcrip-
tion factors involved in adipogenesis did not change in re-
sponse to Setdbl depletion (Fig. 3B).

In comparison when exposed to MDI, cells transfected with
siRNA for Setd8 showed decreased lipid accumulation relative
to siRNA negative control transfected cells (Fig. 3C). The
expressions of PPARy and C/EBPa were reduced in Setd8
knockdown cells induced to differentiate by MDI. This was
accompanied by the decreased expression of PPARYy targets.
Other adipogenic factors such as C/EBP or & did not change
significantly (Fig. 3D). These results demonstrate that the
knockdown of Setdbl promotes adipogenesis, whereas the up-
regulation of Setd8 is necessary for the normal differentiation
of 3T3-L1 cells.

Setdbl and Setd8 levels are altered in mouse models of
obesity. To examine if these SET domain proteins show altered
expression in mouse models of obesity, we examined adipose
tissue from two different mouse models of obesity, one that
occurs as a result of the high-fat feeding of the C57BL/6J
mouse (DIO) and the other is the genetically predisposed
obese ob/ob mouse. For DIO, we randomized 6-week-old
C57BL/6J littermates and fed them either normal or high-fat
chow for 8 weeks, extracted RNA from epididymal fat depots,
and examined the expression of Setdbl and Setd8 by qRT-
PCR. We found that DIO significantly decreased mRNA levels
for Setdbl and increased SetdS8 levels in white adipose tissue
(Fig. 3E, left panels). A similar downregulation of Setdbl and
upregulation of Setd8 expression was observed in adipose tis-
sues from 10-week-old ob/ob genetically obese mice compared
to that of matched controls (Fig. 3E, right panels).

Setd8 is a bona fide PPARYy target gene. We asked whether
the PPARY/RXRa heterodimer directly activates the Setd$
promoter. A DNA fragment containing the 5" flanking region
of the mouse SetdS gene was subcloned into the promoterless
luciferase reporter gene pGL3 basic and transiently transfected
into 3T3-L1 cells along with the PPARy and RXRa expression
plasmids. As shown in Fig. 4A, the expression levels of luciferase
were increased fivefold. Importantly, the deletion of the PPARYy/
RXRa binding sites identified in our ChIP-chip analysis abol-
ished promoter activity. ChIP-qPCR confirmed that the SetdS
promoter fragment from the —500-bp region was enriched by the
PPARYy antibody (Fig. 4B). In addition, the ectopic expression of
PPARYy by retroviral transduction increased the expression of
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ORO staining was performed on day 8 (bottom panel).

Setd8 (Fig. 4C). Taken together, these results all demonstrated
that Setd8 is a bona fide target of PPARYy.

H4K20mel levels are robustly increased during adipocyte
differentiation. As shown in Fig. 2C, Setd8 mRNA levels in-
crease robustly in correlation with PPAR<y expression during
differentiation. This is consistent with our identification of Setd8
as a direct target of PPARy. We hypothesized that the total
abundance of H4K20mel in 3T3-L1 cells also increased in cor-
relation with Setd8 expression. Intriguingly, an immunoblot anal-
ysis demonstrated that H4K20mel levels in 3T3-L1 cells are sub-
stantially increased during differentiation (Fig. 4D).

H4K20mel histone modification enhances gene expression.
To further examine if the increased total amount of
H4K20mel levels contributes to the number of genes modified

by H4K20mel, we performed high-resolution ChIP-seq with
an antibody that detects H4K20mel at day 0 and day 8 of
differentiation. This analysis using the stringent cutoffs of en-
richment of H4K20mel count over the input/estimate count
(fivefold or more) revealed that the numbers of H4K20mel-
modified genes are profoundly increased: 1,854 genes at day 0
and 4,012 genes at day 8 (Fig. 4E). The combination of
H4K20mel ChIP-seq and global gene expression profiling also
demonstrated that more than 85% of the genes modified by
H4K20mel are expressed at a higher level compared to those
that are not modified by H4K20mel (Fig. 4F). In addition,
expression changes are also correlated with the H4K20mel
modification ratio during differentiation (Fig. 4G). These data
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indicate that H4K20mel modification enhances gene expres-
sion in 3T3-L1 cells.

Increased H4K20mel in PPARYy and its target genes during
adipogenesis. We next examined the level of H4K20mel mod-
ification of PPARYy target genes. Of the 708 “present” genes
occupied by PPARy at day 8, 383 genes (54%) were modified
by H4K20mel (Fig. 4H, top panel). Of these 383 occupied by
the PPARY/RXRa heterodimer that are modified by H4K20mel,
204 genes (53%) were upregulated (1.5-fold or more), 102
genes (27%) hardly changed in expression (upregulated or
downregulated less than 1.5-fold), and only 77 genes (20%)
were downregulated (1.5-fold or less). Of the 204 genes that
were upregulated, 150 genes (74%) are newly modified by
H4K20mel; these genes include the PPARYy gene and many of
the PPARYy targets involved in adipogenesis (Fig. 4H, bottom
panel; see also Table S3 in the supplemental material).

Setd8 regulates the expression of PPARy and its targets
through H4K20 monomethylation. We identified H4K20mel
modifications to sites downstream of the transcription start
sites (i.e., gene body) for both PPAR+y1 and PPARY2 and their
targets, including Fabp4 and Cd36, at day 8 (Fig. 5A). The
validation of H4K20me1 modification by ChIP-qPCR analysis
showed that these genes were indeed modified by H4K20mel
at day 8 (Fig. 5B).

We next tested if Setd8 mediates the H4K20 monomethyl-
ation of chromatin associated with PPARy and/or its adipo-
genic targets. We used a ChIP assay to measure the level of
H4K20mel in 3T3-L1 cells treated with siRNA specific to
Setd8 or control siRNA. Importantly, H4K20mel levels at
PPARYl1 and PPAR~Y2 and their adipogenic target genes were
markedly decreased upon Setd8 depletion, indicating the spe-
cific role of Setd8 in the H4K20me1 chromatin modification of
these genes (Fig. 5C). The immunoblot in the inset of Fig. 5C
shows that Setd8 levels were reduced in the Setd8-specific
siRNA transected cells and that the expression of H4K20mel
was also decreased in correlation with the SetdS8 level.

H4K20mel modification levels at PPARy target genes are
correlative to PPARy transcriptional activity. H4K20mel
modification of the Ppary gene and its targets was increased by
treatment with troglitazone and profoundly reduced with
PPARy antagonist (Fig. SD). These data show that the activa-
tion of PPARYy transcriptional activity leads to the induction of
H4K20mel modification at PPARvy and its targets and subse-
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quent adipogenesis. Finally, to assess the epistatic relationship
between Setd8 and PPARY in adipogenesis, we determined the
effect of the ectopic expression of this protein on adipocyte
differentiation in NIH 3T3 cells, which are not committed to
the adipocyte fate (4). We infected NIH 3T3 cells transduced
with PPARY2 with retrovirus for Setd8 and tested whether
they exhibited enhanced differentiation. After stable selection,
cells were induced to differentiate by treatment with the stan-
dard MDI adipogenic cocktail or with troglitazone for 2 days.
Cells expressing both Setd8 and PPAR«y2 accumulated signif-
icantly more lipid than cells expressing PPAR«y2 alone under
both conditions (Fig. SE). Altogether these data demonstrate
that Setd8 regulates the expression of PPARy and its targets
through H4K20 monomethylation to enhance adipocyte differ-
entiation.

DISCUSSION

The methylation of lysine residues in histones is an impor-
tant epigenetic event that correlates with functionally distinct
regions of chromatin. In the current study, by combining global
gene expression analyses with a ChIP-chip approach, we report
that two well-characterized HKMTs, Setdbl and SetdS8, are
coordinately regulated by PPARYy and their expression leads to
adipocyte differentiation through chromatin modifications.

The knockdown of these SET domain proteins demon-
strated that they are indeed involved in adipogenesis. mRNA
levels for Setdb1 decreased in concert with adipocyte differen-
tiation. The knockdown of Setdbl resulted in the stimulation
of adipogenesis even when isobutylmethylxanthine and insulin
were omitted from the differentiation cocktail. By contrast,
Setd8 mRNA was increased in abundance throughout adipo-
cyte differentiation and the knockdown of Setd8-impaired adi-
pocyte differentiation (Fig. 3A and C). In this context, Setdbl
acts as an antiadipogenic factor and Setd8 acts as proadipo-
genic factor, and it is reasonable to think that Setdbl is down-
regulated and Setd8 is upregulated during adipocyte differen-
tiation. It remains to be determined whether Setdbl is directly
downregulated by PPARYy. PPARYy may contribute to the tran-
scriptional regulation of Setdb1 and thereby regulate trimethl-
ylated H3K9, a silencing histone marker, to promote differen-
tiations as reported (28). We find that Setd8 is a bona fide
PPARYy target (Fig. 4). PPARY upregulates Setd8 and thereby

FIG. 3. Effect of the siRNA knockdown of Setdbl and Setd8 on 3T3-L1 adipogenesis. 3T3-L1 cells were transfected with siRNAs for Setdbl
(si-Setdb1#1 and #2) (5 nM) or Setd8 (si-Setd8#1 and #2) (20 nM) or the siRNA negative control (ctrl siRNA). (A and B) siRNA-mediated
knockdown of Setdbl promotes 3T3-L1 adipogenesis. Cells were induced to differentiate by DEX alone. (A) ORO staining performed at day 8
(left panel). The mRNA levels of Setdbl after the knockdown of Setdb1 was quantified by qRT-PCR. The data are the averages of three replicates,
and the error bars represent the standard deviations (right panel). (B) Transcriptional changes of adipogenic genes in Setdbl knockdown cells.
Cells were harvested at the indicated time of differentiation, and transcriptional analyses were carried out using a microarray. (C and D)
siRNA-mediated knockdown of Setd8 inhibits 3T3-L1 adipogenesis. Cells were induced to differentiate by treatment with the MDI cocktail.
(C) ORO staining was performed at day 8 (left panel). The mRNA level of Setd8 after the knockdown of Setd8 was quantified by qRT-PCR. The
data are the averages of three replicates, and the error bars represent the standard deviations (right panel). (D) Transcriptional changes of
adipogenic genes in Setd8 knockdown cells. Cells were harvested at the indicated times of differentiation, and transcriptional analyses were carried
out using a microarray. (E) Setdbl and Setd8 are expressed in the white adipose tissue of mice and regulated by obesity (left panels). Matched
littermates were fed for 3 months with a normal (NCD) or high-fat chow diet (HFD) (DIO), and adipose depot gene expression was analyzed with
real-time PCR, which demonstrated a statistically significant decrease in Setdbl expression and an increase in Setd8 in DIO adipose tissue (n =
6) (right panels). Setdb1 expression levels are reduced in genetically obese (ob/ob) fat depots compared to those of the controls (n = 6). Ppib serves
as a loading control for qRT-PCR. %, P < 0.05. The animals and diet conditions are described in the supplemental material experimental
procedures.
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FIG. 4. PPARY directly regulates Setd8 expression and increases H4K20mel in 3T3-L1 cells during differentiation. (A) 3T3-L1 cells were
transfected with pGL3-Setd8, a luciferase reporter construct under the control of the Setd8 promoter (—1458 to —1), or with unilateral deletion
constructs that lack potential PPARy/RXRa heterodimer binding sites. For each construct, we cotransfected a construct expressing (3-galactosidase
driven by a cytomegalovirus promoter to serve as an internal control. Each value represents the mean of duplicate experiments. Error bars indicate
the range of the duplicates. (B) ChIP-qPCR analyses of PPARy and RXRa recruitment on Setd8 promoter in 3T3-L1 cells at day 8 of
differentiation. The data are the average of three replicates, and error bars represent the standard deviations. (C) Upregulation of Setd8 protein
in NIH 3T3 cells transduced with retrovirus carrying PPARy2. NIH 3T3 cells were infected carrying cDNA for PPARYy or empty vector. The
expressions of Setd8 and PPAR«y were assessed by immunoblot analysis using anti-Setd8 (sc-54996) and anti-PPAR~y (IgG-A3409). Equal loading
of the proteins was confirmed by the detection of nuclear protein TBP (NB500-700). (D) Immunoblot analysis showing the upregulation of Setd8
during adipogenesis. 3T3-L1 cells were induced for differentiation with MDI and harvested at the indicated times for whole-cell lysate. Protein
expressions were assessed using anti-Setd8 (sc-54996) and anti-H4K20me1 (07-440). Equal loading of the proteins was confirmed by the detection
of B-actin (ACTB; A5441). (E) Venn diagram illustrating the overlap of H4K20mel genes before differentiation (0 d) or at day 8 (8 d) of
differentiation obtained by ChIP-seq using anti-H4K20mel (ab9051). (F) H4K20mel modification is correlated with gene expression. Gene
expressions of 3T3-L1 cells at day 0 (left panel) or day 8 (middle panel) are illustrated by heat map. The genes were sorted by the mRNA expression
score. mRNA expression is represented by red (high expression) or green (low expression). For reference, a color intensity scale is included at the
right side. The black bar indicates the genes modified by H4K20mel. The horizontal thin bar indicates each gene modified by H4K20me1l before
(0 d) or on day 8 of differentiation (left and middle panels). For each gene set, the enrichment scores calculated by GSEA were drawn (right panel).
(G) The H4K20me1 modification level is correlated with the gene expression level. The gene expression ratio (day 8/day 0; left) and H4K20mel
modification ratio (right) are illustrated. Each gene (denoted by a horizontal thin line) was sorted by H4K20me1 expression ratio. (H) Top panel,
Venn diagram illustrating the overlap of PPARy/RXRa target genes and H4K20mel-modified genes at day 8. Bottom panel, the pie graph shows
the number of genes of PPARy/RXRa targets that are also modified by H4K20mel.

regulates H4K20mel to induce PPAR« and its targets to ac-
quire the adipocyte phenotype. Intriguingly, Setdbl and Setd8
are expressed in adipose tissues and reciprocally expressed in
rodent models of obesity; the downregulation of Setdbl and
upregulation of Setd8 (Fig. 3E) suggest that these proteins play
a role in regulating adiposity in the excess energy state.

Most intriguingly, H4K20mel levels are robustly induced
toward the end of differentiation (Fig. 4D), and this is accom-
panied by increased numbers of genes modified by H4K20mel.
In addition, H4K20mel modification levels at PPAR~y target
genes are correlative to PPARYy transcriptional activity (Fig.
5D). A combination of H4K20mel ChIP-seq and transcrip-
tome analyses demonstrated that more than 85% of genes
modified by H4K20mel are expressed at high levels, suggesting
a role for activating histone chromatin modification. This is
also supported by the recent ChIP analyses demonstrating a

preferential association of H4K20me1l with selected transcrip-
tionally active or competent genes (29, 33).

Although the PPAR«y1 gene is not modified by H4K20mel
before differentiation (Fig. SA and B), an appreciable amount
of PPARy1l mRNA is detected (Fig. 1G). Toward the end of
differentiation, PPAR+y1 gene expression levels increase by
four- to fivefold in correlation with the modification by
H4K20mel (Fig. 1G and 5B). Therefore, we postulate that
H4K20mel functions to enhance gene transcription rather
than initiation. H4K20me1 may contribute to the robust gene
expression required to progress to the adipocyte phenotype.
Recent ChIP sequencing assays also revealed strong evidence
that H4K20mel is associated predominantly in transcript elon-
gation rather than the initiation of transcription (1).

Our data demonstrate that PPARYy is required for Ppary2
gene expression. PPARy/RXRa heterodimers bind directly to
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cells transfected with siRNA specific to Setd8 (si-Setd8 #2) or control siRNA (ctrl siRNA) were induced for differentiation and analyzed for
H4K20mel modifications by ChIP-qPCR using the specific primers as shown in panel A. Inset, the cells at day 4 of differentiation were harvested
for whole-cell extracts, and aliquots of protein were subjected to SDS-PAGE and immunoblotted with either anti-Setd8 (sc-54996) or anti-
H4K20mel antibody. Equal loading of the proteins was confirmed by the detection of B-actin (ACTB; A5441). (D) 3T3-L1 cells were induced for
differentiation for 8 days in the absence (DMSO) or presence of either 20 wM of T0070907 or 5 pM of troglitazone (PPAR'y agonist) and analyzed
for H4K20me1 modifications by ChIP-qPCR using the specific primers as shown in panel A. (B to D) The data are the averages of three replicates,
and the error bars represent the standard errors of the means. (E) PPARYy2-expressing NIH 3T3 cells were reinfected with retroviruses carrying
the gene for Setd8 and were selected with puromycin. Two-day-postconfluent cells were induced with MDI or troglitazone for 2 days. ORO staining
was performed on day 8 of differentiation.

the Ppary2 promoter and activate histone modifications of the
Ppary2 gene, thereby activating transcription. Our results add
a central piece to the puzzle of understanding the transcrip-
tional cascade in adipogenesis and support a model in which a
PPARYy-mediated transcriptional feedback loop through chro-
matin modification is essential for the transcriptional activa-
tion of PPARY2 and the subsequent maturation of adipo-
cytes.

In conclusion, we report that two well-characterized
HKMTs, Setdbl and SetdS8, are coordinately regulated by

PPARY and that their increased activity facilitates terminal
adipocyte differentiation through chromatin modification.
We also report that PPARYy drives the feedback loop induc-
tion of the PPAR~Y2 gene and many of the other target genes
via two pathways, one through transcription and the other
through an epigenetic pathway (as illustrated in Fig. 6).
PPARY requires Setd8 to acquire H4K20mel modification
in order to enhance its transcription, while Setd8 requires
PPARY to be transcriptionally induced. These two are both
required for the expression of PPARYy targets. This finding
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FIG. 6. Models for the coordinate regulation of transcriptions and
histone modification by PPARy for adipocyte differentiation. PPARYy
transcriptionally activates the Setd8 gene, which in turn increases the
H4K20mel levels of PPARYy and its targets. PPARy also targets
PPAR~2. These pathways lead to the induction of adipogenic gene
expressions and subsequent adipocyte differentiation. The black ar-
rows denote transcriptional pathways, and the red arrows denote path-
ways of histone modification.

offers new insight into the potential role of PPARY in epi-
genetics and signaling during adipocyte differentiation.
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